Rufous-collared sparrows (Zonotrichia capensis peruviensis) from valleys in the Atacama Desert of Chile, live in an extremely stable environment, and exhibit overlap in molt and reproduction, with valley-specific differences in the proportion of birds engaged in both. To better understand the mechanistic pathways underlying the timing of life-history transitions, we examined the relationships among baseline and stress-induced levels of corticosterone (CORT), testosterone, and bacteria-killing ability of the blood plasma (BKA), as well as haemosporidian parasite infections and the genetic structure of two groups of sparrows from separate valleys over the course of a year. Birds neither molting nor breeding had the lowest BKA, but there were no differences among the other three categories of molt-reproductive stage. BKA varied over the year, with birds in May/June exhibiting significantly lower levels of BKA than the rest of the year. We also documented differences in the direction of the relationship between CORT and BKA at different times during the year. The direction of these relationships coincides with some trends in molt and reproductive stage, but differs enough to indicate that these birds exhibit individual-level plasticity, or population-level variability, in coordinating hypothalamo-pitui tary-adrenal axis activity with life-history stage. We found weak preliminary evidence for genetic differentiation between the two populations, but not enough to indicate genetic isolation. No birds were infected with haemosporidia, which may be indicative of reduced parasite pressure in deserts. The data suggest that these birds may not trade off among different life-history components, but rather are able to invest in multiple life-history components based on their condition.
Introduction
Life-history theory proposes that organisms trade off between competing functions due to resource constraints (Stearns, 1992) . The classic example is allocation of resources to current versus future reproduction, and the inherent trade-off between self-maintenance and reproductive effort (Stearns, 1992; Sheldon and Verhulst, 1996; Schmid-Hempel, 2003) . Molt and immune function are the best-studied components of self-maintenance in birds. Molt quality influences thermoregulatory capacity (Nilsson and Svensson, 1996; Dawson et al., 2000) , flight performance (Swaddle et al., 1996; Echeverry-Galvis and Hau, 2013) , and plumage-based signal quality (Smith and Montgomerie, 1991; Serra et al., 2007) , all of which have important fitness implications. Immune system function is also an integral factor shaping avian fitness (sensu Combes, 2001; Davison et al., 2008) ; it determines the ability to inhibit or limit parasite establishment and is responsible for the regulation or elimination of established infections (Davison et al., 2008 and references therein) . Together, molt and immune function can have large-scale consequences for future reproductive capacity.
http://dx.doi.org/10.1016/j.ygcen.2015.02.010 0016-6480/Ó 2015 Elsevier Inc. All rights reserved. birds exhibit discreet periods of breeding and molt, with molt typically occurring at the conclusion of breeding (Morton, 1992; Barta et al., 2006; Johnson et al., 2012) . Immune function can also vary over the annual cycle (Nelson and Demas, 1996; Hegemann et al., 2012; Merrill et al., 2013) , as organisms allocate resources between self-maintenance and current reproduction in response to resource limitation, or if parasite pressure changes over the course of the year (John, 1994; Horrocks et al., 2012a) .
Organisms also use seasonal cues (e.g., photoperiod, rainfall) to initiate different life-history stages, and these life-history stages are typically regulated, at least in part, by circulating glucocorticoids and androgens (Wingfield, 2005) . However, organisms that live in stable environments with little seasonal variation in resource availability, or little change in photoperiod, temperature or rainfall, may not need, or be able, to utilize seasonal cues. In these cases, what factors determine life-history stage, and do organisms exhibit trade-offs among different life-history stages? Birds that do exhibit overlap of multiple life-history stages, such as molt and reproduction, may attempt to reduce the costs of one or both processes. They can do this via reduced molt intensity (Echeverry-Galvis and Hau, 2012), smaller clutches (Foster, 1974) , and extended incubation (Ricklefs and Brawn, 2013) . However, little work has been conducted on measures of immune function, molt and reproduction concurrently, especially over an entire year. The goal of this study is to understand how birds balance immune function, molt and reproduction in two discrete populations in an environment with little seasonal variation. Additionally, we explore whether population differences might be attributed to differential parasite pressure or population genetic differences.
Previously, we examined the relationships among corticosterone (CORT), testosterone (T), reproduction and molt in rufous-collared sparrows (Zonotrichia capensis peruviensis) over the course of a year in the Atacama Desert of Chile (Gonzalez-Gomez et al., 2013) . This desert is the driest and oldest desert on the planet (Hartley et al., 2005) and exhibits very little change in environmental conditions over the year. We studied sparrows living in two valleys (Azapa Canyon and Lluta Canyon) separated by 1000 m high canyon walls and 25 km of non-vegetated desert habitat, inhospitable to these birds. We documented most of the birds molting during March and breeding in October, indicating that the birds maintain some semblance of an annual cycle, although many of the sparrows diverge from the general trends. We found individuals molting or breeding year round, as well as individuals engaging in both breeding and molt in every sampling period during the year. We also found that the sparrows in the two valleys exhibited distinct patterns from each other. Among birds engaged in breeding, approximately five times as many birds overlap breeding and molting in Azapa as in Lluta (25% vs. 6%, Gonzalez-Gomez et al., 2013) . We also found differences in body condition with relatively heavier birds in Azapa than in Lluta in January but the opposite pattern in December. In addition, stress-response levels are significantly higher in Lluta than in Azapa in January. Despite these differences, there were no data on the genetic structure of the two breeding groups to help determine whether the differences between the two sites were due to genetic or environmental reasons. Although 25 km is a relatively short distance, previous studies have found genetic differences between two populations of Z. capensis that live 25 km apart inhabiting benign environments that theoretically do not represent a dispersal barrier to this species (Moore et al., 2005) as could be the inhospitable Atacama Desert.
Here we expand upon previous work with these birds (Gonzalez-Gomez et al., 2013) and incorporate an aspect of immune function (bacteria-killing ability), prevalence of haemosporidian blood parasite infections, and preliminary data on the genetic structure of the two populations of Z. capensis to help better understand the factors that shape how and when these birds allocate resources among multiple life-history stages. We have also included levels of testosterone (T) as well as baseline and stress-induced levels of corticosterone (CORT). In our prior study we examined the relationships between T and life-history stage as well as between both baseline and stress-induced CORT levels and life-history stage to determine if the hormones are associated with regulation of life-history trade-offs in this minimally seasonal environment. We found that CORT varied with time of year and with life-history stage in these birds and that during the period in which most birds were engaged in molt to some degree (March), birds down-regulated their stress-response (Gonzalez-Gomez et al., 2013) . Birds not engaging in molt at this time, however, still exhibited this down-regulation. Other populations of Z. capensis undergo molt at different times during the year (e.g., May/June for those in the nearest study locale, Lima, Peru; Davis 1971), suggesting that sparrows in these valleys may be fine-tuned to local conditions. If this is the period of peak molt for the population, perhaps down-regulation of the stress response has been set to some circannual (e.g., photoperiod) or environmental cue (e.g., slight variation in stream flow or food availability), but the actual molt stage has become decoupled from hypothalamopituitary-adrenal (HPA)-axis activity and depends on other factors such as reproductive stage, and/or individual condition.
In the current study we used BKA as a functional assessment of the birds' immune defenses against a bacterial pathogen. We have previously found BKA to vary seasonally in other species (e.g., Icterids, Merrill et al., 2013) and it may be traded-off against molt (Ellis et al., 2012 , but see Buehler et al., 2008 and reproductive effort . In addition, we have found BKA to be positively linked to baseline CORT, and negatively linked to stress-induced CORT levels (Merrill et al., , 2014 , and T levels (Merrill et al., 2015) in blackbirds. We were interested in whether T or CORT were linked to regulation of immune function in these sparrows, and if so, in what manner.
For parasite assessment we screened for both Plasmodium and Haemoproteus blood parasites because these are known to infect Z. capensis in South America (Durrant et al., 2006; Merino et al., 2008; Jones et al., 2013) and are capable of exerting strong selective pressure on their bird hosts (Allander, 1997; Ots and Hõrak, 1998; Atkinson et al., 2001; Knowles et al., 2009; Martinez-de la Puente et al., 2010; Lachish et al., 2011; Watson, 2013) . However, animals in desert environments may have lower prevalence and intensity of both endo and ectoparasites (Little and Earlé, 1995; Tella et al., 1999; Moyer et al., 2002; Valera et al., 2003; Horrocks et al., 2012b) , and could be under reduced parasite pressure. For example, recent work examining blood parasites in the cinereous conebill (Conirostrum cinereum) in the same region of the Atacama Desert found one trypanosome infection and no other blood parasites among the 30 individuals assessed (Martinez et al. unpublished data) .
Previously, we found that body condition (residuals of body mass over tarsus) in these sparrows varied over time, and that there were differences among sampling periods and localities in the proportion of birds engaging in molt and/or reproduction (Gonzalez-Gomez et al., 2013) . These results suggest that birds do not have unlimited access to resources, and/or that they experience constraints in processing, producing, or utilizing energy. We therefore predicted that birds would still be somewhat resource limited and would exhibit trade-offs between immune function and other life-history stages. We predicted that birds engaging in both molt and reproduction would exhibit the lowest levels of BKA, and that seasonal variation in molt and reproductive life-history stages would be reflected in seasonal variance in BKA. We also predicted that baseline CORT would be positively linked to BKA, but that BKA would not covary with T due to the stable nature of T in these birds over the annual cycle.
Regarding haemosporidian infections, we compared prevalences between the two sites to examine whether haemosporidian blood parasite infections are a factor influencing the ability of birds to invest in multiple life-history stages simultaneously. We predicted that the overall prevalence of blood parasites would be low due to the challenging environment surrounding the two sites.
This study also provided us with an opportunity to examine the relative strength of the relationships among these life-history strategies, allowing us to examine if molt or reproduction are traded off more strongly against BKA. We predicted that the strength of the trade-off would be greater between reproduction and BKA than between molt and BKA due to the more flexible nature of molt (sensu Moreno, 2004) , and the long and irregular molt patterns we observed in this site (Gonzalez-Gomez et al., 2013) . Finally, we expected that birds from the two valleys (Azapa and Lluta) would exhibit distinct genetic structure as a result of the lack of opportunities for dispersal and interbreeding between populations due to the inhospitable nature of the surrounding habitat.
Methods

Species, study site, and sample collection
In brief, Z. capensis are socially monogamous and exhibit bi-parental care (Chapman, 1940; Miller and Miller, 1968) . They are primarily granivorous, but will consume arthropods and fruits (Novoa et al., 1996) . They are distributed from southeastern Mexico to the southernmost tip of South America. They occupy a diversity of habitats including urbanized areas, chaparral, forest edge, and alpine meadows (Estades and Temple, 1999; Class et al., 2011; Maldonado et al., 2012 . This site has been described as one of the most climatically stable locations on earth with minimal variability in both temperature and rainfall year-round (Torres and Acevedo, 2008) . Daily maximum and minimum temperatures averaged 23.29 ± 2.63°C and 18.79 ± 1.84°C over the course of this year-long study. Also, in the last 50 years the average of rainfall is 0.5 mm per year (Torres and Acevedo, 2008) . The major change in this environment occurs every 4-5 years during ENSO events, when the flow of streams running from Los Andes to the Pacific Ocean increases roughly 0.7 times. Overall this is a small change in comparison with other xeric environments in the same region (Gutiérrez et al., 2010) . For this work, we examined BKA, blood parasite prevalence, CORT, T and population genetic structure from a randomly selected subset of individuals used in the companion study (Gonzalez-Gomez et al., 2013) . October 20-27 2011. We lumped the data from the two October sampling periods together as we did in the previous study because there were no differences between them for hormones, condition, life-history stage (Gonzalez-Gomez et al., 2013) , or in BKA (T-test: t 1,16 = 0.304, P = 0.77). Birds were captured between 0700 and 1100 using mist-nets with no playback of recorded songs, and a blood sample was collected within 3 min of capture (i.e., since the bird hit the net) to assess baseline CORT levels and BKA, within 10 min of capture for T, and 30 min after morphometric measurements for stress-induced CORT levels. Blood was collected from the alar vein using a 26 gauge needle and heparinized capillary tubes, and was placed on ice for a maximum of 4 h before centrifuging. Plasma was then removed and frozen until analysis. Hematocrit was also frozen until analysis. Morphometric data were measured following blood collecting, and birds were banded with numerical metal bands. Birds were placed in a cloth bag for the 30 min ''stress'' period following morphometric data collection (see Breuner et al., 1999 for details on stress-induced CORT response protocol).
Hormones were assessed using direct radioimmunoassays (Wingfield et al., 1992) , and were extracted from the plasma using freshly re-distilled dichloromethane. Samples were reconstituted in PBS with gelatin and were then run in duplicate. A total of three T assays (intra-assay variation 8.4-13.3%, inter-assay variation 11.5%, recovery of 3 H-labeled T: 80.93% ± 0.93%) and seven CORT assays (intra-assay variation 7.2-11.8%, inter-assay variation 9.48%, recovery of 3 H-labeled CORT: 82.39% ± 0.46%) were run by P.L.G.-G.
Molt status (yes/no) was determined by assessing the presence or absence of feathers in molting condition (i.e., missing feathers, feathers growing) in flight feathers (primaries, secondaries, coverts or retrices), or greater than 20% of body molt. Molt intensity was assessed as the number of regions with growing or missing feathers. Molt asymmetry was categorized (yes/no) by the presence of different number or position of growing or missing wing feathers (i.e., primary 2 and 3 in the right wing and primary 6 in left wing). Reproductive status was determined by the presence or absence of a cloacal protuberance in males (reproductively active males = CP > 5 mm ; Miller, 1959) , and the presence or absence of a brood patch in females (Addis et al., 2011) . We looked at whether molt intensity or asymmetry had an effect on BKA, but found no evidence for this (molt intensity: ANOVA; F 3,89 = 1.44, Eta 2 = 0.048, P = 0.24; molt asymmetry: BKA in birds showing asymmetry À0.062 ± 0.17 vs. BKA in birds showing non-asymmetric molt À0.1050 ± 0.15, mean ± se, T-test: t 1,19 = 0.598, P = 0.56), so we lumped all molting birds together.
Bacteria-killing assay
In this assay, bacteria-killing is primarily complement dependent (Matson et al., 2006; Merrill unpublished data) , and complement proteins are an important part of the constitutive innate response because they can opsonize or lyse invading cells (Esser, 1994) . They also can target antigen to lymphoid organs, and lower the threshold for B-cell activation (Ochsenbein and Zinkernagel, 2000) , thus providing a link between the innate and acquired arms of the immune system. Methods for the assay were derived from Matson et al. (2006) , Millet et al. (2007) and Morrison et al. (2009) , and all aspects of the assay in which sample or media were exposed to the air were carried out in a sterile hood. In brief, we added 5 lL of plasma to a combination of CO 2 -independent media (Gibco, Invitrogen) + 4 mM L-glutamine (90 lL), and the Escherichia coli (ATCC # 8739) bacterial broth (10 lL), incubated the solution for 20 min at 40°C, then pipetted out 50 lL in duplicate onto agar plates which were then incubated overnight at 37°C. The number of bacteria colonies was counted the following day and compared to control plates in which the bacterial broth and 95 lL of PBS were incubated together without any plasma. Killing capacity was determined by subtracting the mean number of colonies for a bird's two plates from the mean number of control colonies, and then dividing that by the control mean. We collected enough blood to run BKA only for baseline levels (<3 min of capture) due to blood collecting limitations, so we do not have BKA that corresponds to the stress-induced CORT samples.
Molecular analyses 2.3.1. DNA extraction
Packed red blood cells were shipped on dry ice to the laboratory. We thawed the packed red blood cells and added ca. 20 lL of red blood cells to 300 lL lysis buffer (Longmire et al., 1997) . We then incubated the samples at 60°C overnight with 5 lL of 20 mg/ml proteinase K solution (MidSci cat# IB05406). We extracted genomic DNA from the samples using a standard ammonium acetate-isopropanol protocol (Svensson and Ricklefs, 2009 ).
Parasite screening
We performed two PCR protocols for each sample to screen for avian haemosporidian blood parasites of the genera Plasmodium and Haemoproteus (order Haemosporida). The first is designed to amplify a 154 bp fragment of rRNA-coding parasite mitochondrial DNA (Fallon et al., 2003) . The second protocol is a nested PCR designed to amplify a 552 bp fragment of the parasite cytochrome b gene (Fecchio et al., 2013) . Details of both protocols can be found in Fecchio et al. (2013) .
Population genetic structure
Birds for which we had evidence of breeding were used to assess population genetic structure between Azapa and Lluta valleys. Details on marker selection, universal tagging methods and PCR reaction conditions can be found in the supplement. Amplification was checked on a 1% agarose gel, and samples were run on an Applied Biosystems 3730 Â l DNA analyzer at the Iowa State DNA Facility in multiplex reactions using GS500(-250)LIZ size standard (Applied Biosystems). Multiplex I included Gf01, Gf06 (Petren, 1998) , Mme12 (Jeffery et al., 2001) , and Lox1 (Piertney et al., 1998) and multiplex II included G03, F11, E11, and C02 (Poesel et al., 2009 ).
Genemapper v.5 (Applied Biosystems) software was used to analyze allele sizes. Genotypes were scored manually, roughly 10% of the total samples were re-amplified and genotypes from the original template DNA at all of the loci that were included in the analyses, and roughly one-third of all homozygotes were re-run to ensure we were not incorrectly assigning genotypes due to allelic dropout.
Deviations from Hardy-Weinberg equilibrium (HWE) were tested for each locus with allele randomizations within population (1000 permutations) and for both populations (10,000 permutations) in FSTAT v.2.9.3.2 (Goudet, 2001) . Genetic diversity (Nei, 1972) for each locus within population was quantified using FSTAT and HP-RARE (Kalinowski, 2005) was used to calculate rarefied allelic richness per population-locus combination. We tested for linkage disequilibrium in Arlequin v.3.5.1.3 (Excoffier and Lischer, 2010) and checked for the presence of null alleles using ML-NullFreq (Kalinowski, http://www.montana.edu/kalinowski/ Software/MLNullFreq.htm). An F ST value between the two populations was calculated in Arlequin, as well as estimates of genetic variation partitioned within and between populations using a hierarchical Analysis of Molecular Variance (AMOVA). Genotype clustering was evaluated using a Bayesian method implemented in STRUCTURE v.2.3.3 (Pritchard et al., 2000) . The most probable number of populations, k, was determined using the second order rate of change in posterior probabilities between runs of different k as described in Evanno et al. (2005) and performed using STRUCTURE-harvester (Earl and vonHoldt, 2011) . We performed three runs per k (k = 1-3) using the locprior setting, the admixture model, correlated allele frequencies, and a burn-in of 200,000 cycles followed by 500,000 additional cycles. See Supplemental material for additional details.
Statistical analyses
We collected BKA data for 96 adult sparrows, one of which was an outlier that was removed from all analyses. Removal did not qualitatively impact the results, and the outlier is depicted in Figs. 1 and 3 for visual reference. Three other individuals were removed from analyses because we were unable to determine their sex. Due to sample limitations we had BKA data for only two birds in January, so we also removed them from the analyses. We decided to remove them rather than lump them with December because in our previous study we found that there were differences between these sampling periods in some hormone and life-history stage parameters. Of the remaining 90 birds, 38 were from Azapa and 52 from Lluta. From these samples we had T data for 39 birds (26 males, 13 females), and baseline and stress-induced CORT data for 48 birds (28 males, 20 females). We created a category (''stage'') to delineate a bird's life-history stage in which the bird was designated as engaging in ''no molt:no reproduction'' (N = 13), ''molt:no reproduction'' (N = 32), ''no molt:reproduction'' (N = 32), and ''molt:reproduction'' (N = 14).
We examined the relationship between BKA and the birds' life-history stage by running general linear models with life-history stage, sex, location, month, body condition (residuals of the regression between tarsus length and body mass) as fixed effects, the interactions between sex and life-history stage, and between body condition and life-history stage, and BKA as the dependent variable. We were unable to run the interactions between month and life-history stage due to sample size limitations. We used Tukey's HSD for post hoc tests of the least squares means to compare significant terms.
To examine the relationships between circulating hormones (T, and baseline and stress-induced CORT) and BKA, we ran separate models for each hormone variable. From previous work we know that for these birds, CORT levels vary by month, but not by sex, and T levels vary by sex, but not by month (Gonzalez-Gomez et al., 2013), so we included month in the CORT models, and sex in the T model. We ran general linear models with either T, baseline CORT, or stress-induced CORT as fixed effects, as well as the interactions between sex and T, or between month and CORT (baseline and stress-induced), and BKA as the dependent variable.
To check the fit of the models, residuals were tested for normality and homoscedasticity. All tests were 2-tailed with a significance level set to a = 0.05. We used JMP 10.0 (SAS Institute, Cary, NC) for all analyses.
Results
Life-history stage and BKA
We found that life-history stage and month were significant factors determining BKA (Table 1) . Birds in the category ''no molt:no reproduction'' had the lowest levels of BKA (Fig. 1) although they differed significantly only from birds in category ''molt:no reproduction'' (Tukey's HSD P = 0.02). To ascertain if birds that were not engaging in either molt or reproduction differed from all others, we grouped the other categories together and compared birds in ''no molt:no reproduction'' to those engaged in molt, reproduction or both, and found ''no molt:no reproduction'' birds had lower BKA than birds exhibiting at least one of those life-history stages (t 1,89 = 2.32, P = 0.02). In an attempt to isolate the effects of molting versus breeding, we ran a model with month, molt (yes/no), reproduction (yes/no), and the interaction between molt and reproduction. Month again was significant (F 3,89 = 4.93, P = 0.003), and the interaction between molt and reproduction was significant (F 3,89 = 4.09, P = 0.046) (Fig. 2) .
We found that BKA was lowest during the week-long sampling period in May/June, which was significantly lower than BKA levels in December, March, and October (Tukey's HSD P-values <0.03; Fig. 3 ). To determine if there were more individuals not engaged in either molt or reproduction in the May/June sampling we period, we ran a Pearson's Chi-square test, but found that there were no differences among months in the proportion of birds not engaged in either molt or reproduction (13.8-22.2%; Pearson Chi-square ( 3,90 ) = 0.78, P = 0.85). This result suggests that month and life-history stage may be separate factors influencing BKA in these birds.
We found no effect of location, sex, or body condition, nor interactions between life-history stage and sex, or between life-history stage and body condition on BKA (Table 1) .
Hormones and BKA
No parameters were significant in the T model (P ! 0.49; Table 2 ). In the baseline CORT model, month was again significant as a predictor of BKA, baseline CORT itself was not linked to BKA, and there was a non-significant trend for an interaction between month and baseline CORT (Table 3 ). This trend is driven by a significant positive correlation between baseline CORT and BKA in March (R 2 = 0.23, P = 0.025), and non-significant negative associations between baseline CORT and BKA in the other months. For the model examining BKA and stress-induced CORT levels we found an effect of month, no effect of stress-induced CORT levels themselves, and an interaction effect between month and stress-induced levels of CORT on BKA (Table 4) . During March, birds exhibited a negative relationship between stress-induced CORT and BKA (R 2 = 0.17, P = 0.07), whereas there was a positive relationship between stress-induced CORT and BKA in December (R 2 = 0.33, P = 0.05) and no relationships in May/June or October (P > 0.35).
To better understand the relationship between CORT levels and BKA, we examined the relationship between baseline CORT and stress-induced CORT in this system. We ran a general linear model in which we included reproduction (yes/no), molt (yes/no), baseline CORT, and month as fixed effects as well as the interaction between baseline CORT and month, and stress-induced CORT as the dependent variable. Both month (F 3,47 = 12.28, P < 0.001) and baseline CORT (F 1,47 = 4.12, P = 0.049) were significant effects, whereas molt, reproduction and the interaction between month and baseline CORT were not (P-values >0.1). Stress-induced levels of CORT varied by month with the lowest levels in March, and the highest levels in October, and the overall relationship between baseline CORT and stress-induced CORT was negative (estimate: À0.5, S.E. = 0.23). Data on general trends of CORT and T by life-history stage and sampling period for these birds are presented in Gonzalez-Gomez et al. (2013) .
Parasites
We found no evidence for infection with either Plasmodium or Haemoproteus parasites in any bird sampled with either screening protocol.
Population genetic structure
Of the eight microsatellite markers initially screened, one did not amplify sufficiently (Gf01), one was monomorphic (E11) and two were out of HWE (Gf06, F11) . Therefore, all analyses were performed using three (in the case of AMOVA due to missing data for C02) or four loci (all other analyses). No linkage disequilibrium was detected and no loci showed any signature of null alleles. Overall, we detected 23 alleles in 40 Z. capensis individuals (22 from Azapa, 18 from Lluta) after removing samples with singleton alleles. Allele numbers per locus ranged from three (Lox1) to nine (G03). Rarefied allelic richness (calculated based on 16 individuals) averaged over all loci was 4.87 for the Azapa population and 5.17 for Lluta population. Two private alleles were found in each population (Lox1: 271, Azapa; G03: 245, Lluta; C02: 268, Lluta; C02: 284, Azapa). Nei's genetic diversity, H, was 0.651 for the Azapa population and 0.537 for the Lluta population. Marginally significant genetic differentiation was detected between Azapa and Lluta based on a F ST value of 0.033 (P = 0.05). The AMOVA revealed that 95.93% of the genetic variation was partitioned within populations while 4.07% of the genetic variation was partitioned among populations (AMOVA, P = 0.02). The results from the AMOVA must be interpreted with caution because the sample sizes are small and only three loci were used in the analysis. The Bayesian clustering analysis detected no genetic subdivision; one population that includes both Azapa and Lluta individuals was most likely based on the analysis of the second order rate of change in posterior probabilities between runs of different k.
Discussion
In contrast to our prediction, we found that birds not engaged in either molt or breeding had the lowest BKA, and that over the course of the year, BKA was lowest in the sampling period week of May/June. Among birds that were not breeding, those that were engaged in molt had higher BKA, whereas there was no difference between molting and non-molting birds that were also breeding. We predicted a stronger trade-off between BKA and reproduction, but neither reproduction nor molt was a significant predictor of BKA. Molt appeared to have a larger effect, but it was the lack of molt and reproduction that was significant. The pattern of low BKA in birds not molting or breeding may be a product of low quality and/or poor condition birds being unable to invest resources in reproduction, molt, or aspects of immune function. Conversely, high quality birds may be able to invest in multiple life-history stages and BKA simultaneously (Wilcoxen et al., 2010b; sensu Hill, 2011) . Data from our previous study bolster that argument; we found that ''no molt-no reproduction'' birds had the lowest body condition, whereas those engaging in both molt and reproduction had the highest (Gonzalez-Gomez et al., 2013). We did not find a relationship between body condition and BKA in this study, but the general trends suggest that a bird's condition shapes its capacity for investing in different life-history stages. In addition, if parasite pressure in general is reduced in desert environments, birds may cap their investment in immune function at relatively modest levels (Horrocks et al., 2012a) , and there may not be much variation above a certain threshold. If birds in all but the worst Model output for general linear model examining the relationship between circulating testosterone (T) and bacteria-killing ability (BKA) of the blood plasma in Zonotrichia capensis. Sex is included as a covariate due to documented sex-related differences in T levels in this population (Gonzalez-Gomez et al., 2013) . Model output for general linear model examining the relationship between baseline corticosterone (CORT) and bacteria-killing ability (BKA) of the blood plasma in Zonotrichia capensis. Month is included as a covariate due to documented sampling month-related differences in baseline CORT levels in this population (GonzalezGomez et al., 2013) . Values in bold are those significant at the P < 0.05 level. Model output for general linear model examining the relationship between stressinduced corticosterone (CORT) and bacteria-killing ability (BKA) of the blood plasma in Zonotrichia capensis. Month is included as a covariate due to documented sampling month-related differences in stress-induced CORT levels in this population (Gonzalez-Gomez et al., 2013) . Values in bold are those significant at the P < 0.05 level.
condition can allocate sufficient resources to meet this level, we would not expect to see a correlation between condition and immune function, but rather a threshold type relationship. In support of this idea we found that birds not breeding and not molting had significantly lower BKA than birds in the other three life-history categories, but that there were no differences among those other three categories. Furthermore, we found no evidence for infection with blood parasites using two techniques to screen the blood samples. These results indicate that Z. capensis in these valleys are mostly or entirely free from haemosporidian blood parasites, and may be under relaxed blood parasite pressure. These results are in line with the only other work conducted on avian blood parasites in this area to our knowledge, in which they found no cases of haemosporidian blood parasites in the cinereous conebill (Martinez et al. unpublished data) . These results are likely a product of low vector density in the area, either as a result of the surrounding desert habitat (sensu Valera et al., 2003) or high levels of pesticide use in the valleys (P.L.G.-G. pers. obs). If the prevailing arid conditions of the surrounding matrix influence the parasitological fauna in the valleys, it is likely that these birds experience a general reduction in parasite pressure, including reduced bacterial pathogen pressure (Horrocks et al., 2012b) . In contrast to the Horrocks et al. (2012b) study, however, in which they found that immune indices were more strongly linked to microbial abundance rather than life-history, we found that BKA was linked to life-history stage. We did not assess microbial load, however, and the seasonal variation we found in BKA could reflect seasonal variability in microbial abundance (sensu Horrocks et al., 2012b) .
In addition to affecting BKA levels, sampling month had a large impact on both baseline and stress-induced levels of CORT. These monthly differences coincide with some general trends in life-history stage, but life-history stage does not explain the complete picture. For example, in March, most birds were engaged in molt, and most down-regulated their stress-responsiveness. But birds not molting also down-regulated their stress-responsiveness at this time (Gonzalez-Gomez et al., 2013) . These results suggest that the birds may still be tuned to some circannual patterns that influence HPA-axis activity. The fact that this down-regulation occurs independent of molt in a proportion of the birds, and also that many birds engage in molt without down-regulating HPA-axis activity, suggests that these birds have some level of plasticity in coordinating life-history stage with HPA-axis activity. Alternatively, these could be fixed traits that vary among individuals in the population.
This variation in HPA-axis activity may help explain the different relationships among BKA and CORT levels. Baseline CORT levels and BKA have each been positively linked to fitness parameters (for CORT see Bonier et al., 2009 , for BKA see Wilcoxen et al., 2010a; Merrill et al., 2014) , and we found a positive relationship between these two parameters in March. The general direction of the relationship reversed for the other months, however, suggesting one of two scenarios: (1) baseline CORT is not directly regulating BKA in these birds, but is indirectly linked to BKA via other regulatory pathways, or (2) that baseline CORT does influence BKA, but the relationship is dose and/or context dependent. Additionally, seasonal changes in corticosteroid binding globulin (CBG) levels or the density of mineralocorticoid and glucocorticoid receptors (MR and GR) could affect these relationships (Breuner and Orchinik, 2001; Wada et al., 2006) . Variation in CBG levels would impact the amount of free CORT in circulation, and the variation in free CORT (rather than total CORT) might be driving the observed changes (sensu Mendel, 1989) . Changes in MR and GR density could also affect the direction of the relationship between baseline CORT and BKA as the relative occupancy of MR and GR changes. A decrease in MR density should result in higher occupancy of GR, which could lead to a more ''stress-type'' of relationship between CORT and BKA (e.g., negative relationship). The flipped relationships between stress-induced CORT and BKA are likely bi-products of the generally negative associations between baseline CORT and stress-induced CORT rather than differences in the physiological changes associated with increased CORT levels due to the fact that BKA levels were collected from baseline blood samples.
Location was not a significant factor in our analyses of life-history stage and investment in BKA, but we did find some evidence for weak population genetic structure between the two breeding groups of Z. capensis. The F ST value between Azapa and Lluta valleys was marginally significant, and the AMOVA indicated a low, but significant amount of among-population differentiation. However, the Bayesian clustering method did not support differentiation of two populations. These results suggest that the two breeding groups are neither entirely isolated from one another, nor that they experience high levels of dispersal between them even though they are separated by only 25 km. Barriers to dispersal can be subtle; an animal may not cross a landscape even if it is physically capable of doing so, particularly if that landscape is unsuitable for breeding (reviewed in Harris and Reed, 2002) .
At this stage we cannot determine whether the differences between locations we documented previously in the proportion of individuals engaged in both molt and reproduction is based on underlying genetic differences, a response to local environmental conditions, or some combination of the two. Mark-recapture methods of nestlings, radio telemetry approaches, or both could be employed to help answer this question. In addition, following these birds would provide critical information on the long-term ramifications of the sparrows' life-history strategies. We would want to follow these birds for multiple years to assess whether they exhibit longer-term trade-offs between current and future reproduction, or whether birds that exhibit overlap in our study are indeed ''high quality'' individuals (sensu Wilcoxen et al., 2010b) and are capable of investing in multiple life-history stages repeatedly. These data would provide important insight into the fitness consequences of the different strategies we have observed in these groups of sparrows.
Conclusions
Species that overlap between distinct life-history stages (e.g., molt and reproduction) provide a natural system to explore the mechanisms shaping life-history strategies. This work examining the relationships among molt, reproduction, and parasite defenses in a highly stable environment provides insight into how organisms allocate resources among potentially competing life-history stages. Our data suggest that the pattern of investment may be dependent upon the individual's condition; those in good condition can allocate resources to molt, reproduction and immune defenses, whereas those in poor condition cannot. Many intrinsic and extrinsic factors can influence the ability of an organism to allocate resources among competing life-history stages, including underlying genetic quality, maternal effects, competition for, and access to, food or breeding territories, thermal regime, predation risk, and parasite pressure. The rufous-collared sparrows studied for this work may be under relaxed pressure for some of these parameters (e.g., thermal variability, parasite pressure, access to food), which could allow for high and even intermediate quality individuals to invest in multiple expensive life-history stages concurrently.
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